The magnetic properties of Sm 3 Ag 4 Sn 4 have been investigated using bulk magnetization, 119 Sn Mössbauer spectroscopy and neutron diffraction. We find that the Néel temperature (T N ) is 26.0(5) K, well above the value of ∼9 K previously determined using magnetic susceptibility measurements. Neutron diffraction data indicate that the Sm moments most likely adopt either the I P mm m or I P mmm magnetic space groups, neither of which allows order at the 2d site, in marked contrast to the vast majority of other compounds in the R 3 T 4 X 4 family. Transferred hyperfine field models suggest that the I P mmm is the only group that is consistent with the 119 Sn Mössbauer results. We derive a samarium moment of 0.47 ± 0.10 μ B on the Sm 4e site at 3 K.
Introduction
Members of the ternary rare earth compound family R 3 T 4 X 4 (where R is a rare earth, T = Cu, Ag, Au, and X = Si, Ge, Sn) have been extensively studied due to their rich variety of magnetic behaviour [1] [2] [3] [4] [5] . They crystallize in the orthorhombic Gd 3 Cu 4 Ge 4 -type structure (space group I mmm, #71) [6] , with the rare earth atoms occupying two crystallographically distinct sites (2d and 4e), the transition metal (T) on the 8n site and the X atoms filling the 4f and 4h sites. 1 2 Some members of this diverse compound family exhibit simultaneous order of both rare earth sublattices [3, 4, 7] , while others have separate ordering temperatures for each sublattice [7] [8] [9] [10] . In many cases there are additional changes in the magnetic structure on further cooling [1, 3, 7, 8, 10] and one example of a coupled first-order magnetostructural transition has also been reported [2, 11] . Where the two R sublattices order separately, the R moments on the 2d sites generally order at a higher temperature than those on the 4e sites [9, 10] , and in many cases, no ordering has been detected at the 4e site down to the lowest temperatures explored (typically ∼1.7 K) [8] . This ordering sequence ( 2d T N > 4e T N ) is somewhat surprising given that the 2d site would appear to be the more isolated of the two as it is fully coordinated by T and X atoms and has no rare earth nearest neighbours. By contrast, the 4e site has a single 4e rare earth as a first neighbour. So far, only a few systems have been found that have 4e sublattice ordering without magnetic order of the 2d sublattice (Pr 3 Mn 4 Sn 4 , Nd 3 Mn 4 Sn 4 [8] and Nd 3 Cu 4 Ge 4 [3] ).
A final complication in the R 3 T 4 X 4 family derives from the difficulty in unambiguously determining the ordering temperature from simple bulk magnetic measurements (magnetization and susceptibility). In some cases, the signal from the initial ordering is weak or absent, and a subsequent magnetic reorientation provides a more definitive marker, leading to the misidentification of the ordering temperature [1] . Where neutron diffraction data are available, this error is readily corrected. However, for Gd-based compounds, the high absorption crosssection of natural gadolinium makes neutron-based methods challenging and they are rarely attempted. A recent example is provided by Gd 3 Ag 4 Sn 4 , where initial studies pointed to an ordering temperature of 8 K [12] , but subsequent 119 Sn Mössbauer work showed this event to be a reorientation transition, with the actual onset of magnetic order occurring at ∼29 K [1] .
Here we show, using 119 Sn Mössbauer spectroscopy and neutron diffraction, that the reported ordering temperature of ∼9 K [12] for Sm 3 Ag 4 Sn 4 actually marks a spin reorientation transition and that the onset of magnetic order occurs at 26.0(5) K.
Experimental methods
Stoichiometric amounts of Sm rods, 99.9 mass% purity, Ag ingots and Sn bars, respectively, 99.999 mass% purity, were placed in a tantalum crucible which was sealed by arc welding under purified argon. They were then melted in an induction furnace, quenched in water and annealed at 873 K for 20 days. Electron microprobe analysis and Cu Kα x-ray diffraction confirmed that the majority phase was the orthorhombic Gd 3 Cu 4 Ge 4 -type phase with less than 6% of the ζ -phase Ag 79 Sn 21 present. The x-ray patterns were fitted with GSAS [13] via the EXPGUI [14] user interface, and yielded lattice parameters of a = 15.300(3)Å, b = 7.324(2)Å and c = 4.597(1)Å, consistent with other R 3 Ag 4 Sn 4 compounds [1] [2] [3] [4] [5] 12] . The site coordinates are listed in table 1, and the fit is shown in figure 1. Initial magnetic characterization by ac susceptibility (χ ), shown in figure 2, reveals a clear peak at 8.25(15) K, close to the 9 K value previously attributed to the onset of antiferromagnetic (AF) order in this compound [12] . An extremely weak departure from Curie-Weiss 1/T behaviour may be present between 20 and 25 K, and this is confirmed by the out-of-phase signal (χ ) shown in the inset to figure 2, where a marked increase is apparent at 24(1) K.
As we show below, the onset of magnetic order occurs at ∼26 K, while the 8.25(15) K event marks a spin reorientation. 119 Sn Mössbauer spectra were collected in transmission mode on a constant acceleration spectrometer using a 0.4 GBq 119m Sn CaSnO 3 source with the sample in a helium flow cryostat. A 25 μm Pd filter was used to absorb the Sn Kα x-rays also emitted by the source. The spectrometer was calibrated using a 57 Co Rh source and an α-Fe foil. Typical linewidths were 0.6 mm s −1 full width at half maximum (FWHM), consistent with a CaSnO 3 standard. The spectra were fitted using a conventional nonlinear least-squares minimization routine. Since we were fitting spectra through the magnetic transition where the hyperfine magnetic field and quadrupole shift ( ) have comparable sizes, a perturbative approach was not appropriate, and so line positions and intensities were calculated from an exact solution to the full Hamiltonian with combined magnetic dipole and electric quadrupole interactions [15] .
Neutron diffraction measurements were made using the C2 multi-wire powder diffractometer at Chalk River Laboratories, Ontario, at a wavelength of 2.3719Å. The very large absorption cross-section in Sm (σ abs = 5922(56) barn) leads to a 1/e absorption thickness of ∼140 μm for Sm 3 Ag 4 Sn 4 , and so precludes mounting in a conventional 5 mm diameter cylindrical sample holder. We therefore used a large-area flat-plate holder with single-crystal silicon windows that was developed to work with highly absorbing samples [16] . This holder allowed us to place about 1.6 g of sample in the 8 cm × 2.4 cm beam and obtain a usable scattering signal. Cooling was achieved using a closed-cycle refrigerator.
Results and discussion

3.1.
119 Sn Mössbauer spectroscopy
As both tin sites in the Gd 3 Cu 4 Ge 4 -type structure adopted by Sm 3 Ag 4 Sn 4 have first neighbours from each of the two samarium sublattices, the transferred hyperfine field, B hf , observed at each tin site by 119 Sn Mössbauer spectroscopy is sensitive to magnetic ordering on both samarium sites in the compound.
Examination of the 2.2 K spectrum, shown in figure 3, reveals two magnetically split, equal-area components, consistent with the populations of the two crystallographic sites for Sn (4f and 4h). Each component has a distinct hyperfine field (8.44(2) and 3.11(2) T), comparable to those seen in Gd 3 Ag 4 Sn 4 [1] , with no significant non-magnetic contribution present. We conclude that all of the tin in the sample is in the primary Sm 3 Ag 4 Sn 4 -phase and that each of the two crystallographically distinct tin sites also occupies a magnetically unique site (there is no apparent line broadening or subsplitting of the components that might reflect a more complex magnetic environment).
The spectrum was fitted by fixing the magnitude of the quadrupole shift, | |, to 0.87 mm s −1 for both subspectra. This value was obtained from spectra taken in the paramagnetic state (at 35 K) where only a simple doublet is observed, indicating that the electrostatic environments of the two tin sites are quite similar and could not be resolved. Since a paramagnetic 119 Sn Mössbauer spectrum can only reveal the magnitude of , the negative sign of for both subspectra was established by fitting the spectra in the magnetically ordered state at 2.2 K. Due to the point groups of the Sn 4f and Sn 4h sites (2mm and m2m respectively), we expect the principal axis of the electric field gradient tensor, V zz , to be parallel to one of the crystallographic axes. Point-charge calculations suggest that V zz points along the b-axis for the Sn 4f site and along the c-axis for the Sn 4h site. The electric field gradient asymmetry parameter, η, was found to be small (<0.2) in both cases. η was therefore set to zero and not refined in the initial analysis of the Mössbauer spectra. This choice permits us to determine the angle, ϑ, between V zz and B hf , but not the polar angle, φ.
The left panel of figure 4 shows the progression of the 119 Sn Mössbauer spectra with temperature. We can clearly see that the magnetic splitting persists well above the ∼9 K transition temperature inferred from susceptibility data. No significant (<2%) impurity was detected at any temperature, indicating that the magnetic behaviour observed here reflects bulk ordering in the primary phase. Moreover, the spectral areas remain equal throughout, evidence that we are observing the evolution of B hf at each Sn site (4h and 4f) distinctly. From our fits, we obtain the temperature dependence of B hf for each site and the corresponding angle ϑ between B hf and V zz , shown on the right panels of figure 4 .
The temperature dependence of B hf for each component was fitted to a sum of two J = [2] and Dy 3 Ag 4 Sn 4 [4] , and given the presence of magnetic order well above 8 K, the 119 Sn Mössbauer data clearly show that the sharp feature seen in figure 2 is not actually due to the onset of long-range magnetic order, but rather marks a magnetic reorientation transition.
We observe no change in linewidth on passing through the 8 K event, nor are there any changes to the spectral shape that cannot be accounted for by the static Hamiltonian used to calculate the line positions and intensities; we therefore conclude that the magnetic order that we observe in the Mössbauer spectra for 8 K < T < 26 K is static in nature and reflects long-range ordering of the samarium moments. However, as a local probe of magnetic order, Mössbauer spectroscopy cannot definitively show that long-ranged magnetic order is present. For this information, we turn to neutron diffraction. 
Neutron scattering
The small sample combined with the large absorption cross-section of natural samarium leads to relatively weak scattering from the sample. The situation is exacerbated by both the very small coherent scattering length for Sm (0.00(5) fm), which will lead to reduced structural scattering, and the small magnetic moment (∼0.5 μ B ) expected on the Sm atoms in metallic compounds [17] [18] [19] , which will yield very weak magnetic scattering. Figure 5 shows the neutron diffraction pattern of Sm 3 Ag 4 Sn 4 taken in the paramagnetic state (50 K) at a wavelength of 2.3719Å. As anticipated, the signal is quite weak, with the strongest structural peaks having a count rate of ∼100 cts h −1 . Rietveld refinement of the pattern using GSAS/EXPGUI [13, 14] included a correction to the peak intensities to account for the angle-dependent absorption caused by the flat-plate geometry. Analysis confirmed the structure and lattice parameters established by the x-ray diffraction measurements.
Examination of the 3 K diffraction pattern, shown at the top of figure 6, shows no striking change from the paramagnetic state, although a weak peak near 2ϑ = 9
• is visible. The magnetic scattering can be isolated by taking the difference between the patterns at 3 and 50 K (middle curve in figure 6 ), and we see that the only significant magnetic signal is associated with the 9
• peak, which can be identified as being due to the (100) reflection. The width of this peak is consistent with both the instrumental resolution function and the structural peaks at higher angles, leading us to conclude that long-ranged magnetic order is definitely established at 3 K in this compound. Furthermore, the presence of this (100) peak indicates that the Sm moments have at least some component in the bc-plane.
To determine the magnetic structure of Sm 3 Ag 4 Sn 4 at 3 K, we now consider the 16 magnetic space groups associated with the I mmm (#71) crystallographic space group. There are 8 'I ' groups, in which moments related by the body-centring translation are parallel, and 8 'anti-I ' groups, denoted I P , in which such moments are anti-parallel. The magnetic ordering modes at the Sm 2d and 4e sites allowed by these 16 magnetic space groups are summarized in table 2, using standard notation.
We recall here that nuclear scattering in an I mmm structure does not contribute to peaks for which (h + k + l = odd) so the observation of a purely magnetic (100) peak below 9 K immediately imposes the following constraints on the magnetic ordering in Sm 3 Ag 4 Sn 4 :
• at least one of the two Sm sites must order magnetically, • the magnetic order below 9 K cannot be ferromagnetic, • the magnetic order below 9 K cannot be directed along the crystal a-axis. Thus, we may rule out groups 1, 4, 9 and 12 as they do not allow any magnetic order at the Sm sites. We may also rule out groups 5, 8, 13 and 16 as they only allow the 4e site to order along the crystal a-axis, incompatible with the observation of a magnetic (100) peak. As noted above, (100) scattering cannot result from ferromagnetic order, and previous magnetization measurements [12] have shown that Sm 3 Ag 4 Sn 4 exhibits antiferromagnetic order. Thus, we can also rule out the ferromagnetic groups 6 and 7. Of the six remaining candidate magnetic groups (2, 3, 10, 11, 14 and 15) only two (group 10, I P mmm , and group 11, I P mm m) yield enough intensity on the (100) peak to be consistent with the data shown in figure 6 . Remarkably, neither of these groups permits magnetic ordering at the 2d site, setting Sm 3 Ag 4 Sn 4 apart from the vast majority of compounds in the R 3 [8] ) where ordering on the 2d site is either the only form seen, or at least the preferred ordering, with the 4e sites ordering only at a much reduced temperature.
Tracking of the intensity of the 9
• peak with temperature (figure 7) shows that it disappears at 8.3(4) K, in perfect agreement with the reorientation temperature measured by 119 Sn Mössbauer spectroscopy. It is clear from the bottom curve in figure 6 that no significant magnetic signal is observed at 10 K, despite clear evidence in the Mössbauer spectra that the compound remains ordered until 26 K. Simulation of the nine possible magnetic groups that support AF ordering of the samarium moments reveals that only the two candidate groups for the low-temperature structure (I P mmm and I P mm m) yield a strong magnetic signature; the others all lead to multiple weak magnetic peaks. As a result, our failure to detect magnetic scattering above 9 K does not necessarily demand a loss of magnetic order at 8.3(4) K, but rather, when taken with the clear magnetic signal in the 119 Sn Mössbauer spectra, it implies a change in magnetic order, with the Sm moments rotating closer to the a-axis. The overall weakness of the magnetic scattering, and the absence of magnetic peaks at 10 K, preclude further analysis of the neutron diffraction data, and we are unable to determine the magnetic structure between 8. For I P mm m, the moments on the 4e site point along +c, whereas for I P mmm , they point along +b (out of the page). are listed in table 3 , and the magnetic environments for the two possible magnetic space groups allowed by the neutron diffraction data are depicted in figure 8 for the Sn 4f site, and figure 9 for the Sn 4h site. If we consider only the isotropic contribution to the transferred hyperfine field we find that neither magnetic group yields a transferred field at the Sn 4h site as the four Sm 4e first neighbours for this site are equidistant and consist of two 'up's and two 'down's, so their effect cancels (figure 9). We must therefore include anisotropic contributions. First expressed in the case of MnSn 2 [20] , the transferred hyperfine field at the 119 Sn nucleus due to neighbouring Mn moments includes both isotropic (simple vector sum over the moments) and anisotropic (dipolar field due to a covalent contribution to the Mn-Sn bonding) terms. A recent study has shown that there is also an anisotropic contribution to the transferred hyperfine field from neighbouring Sn 4h Figure 9 . Magnetic environment of the Sn 4h site if the adopted magnetic group is I P mm m (left) or I P mmm (right). The atom symbols are identified at the left. In this sketch there are three distinct depths. The four coplanar 4e atoms are 2.25Å in front of the Sn 4h site while the two Sm 2d sites are 1.41Å behind it. For both magnetic groups, the isotropic contribution will be zero; however, the anisotropic contribution cancels only for I P mm m.
rare earth moments, and that this field is similar in magnitude to the Mn contribution [21] . The anisotropic term is proportional to the projection of the moment direction onto the position vector between the Sn and Sm atoms. The field is thus maximized if the moment points along the position vector, and zero if it is perpendicular to it.
From figure 8, we can see that for both magnetic groups the isotropic contribution to the transferred hyperfine field at the Sn 4f site will be non-zero, pointing in the +c direction for I P mm m since both Sm 4e moments point in that direction and likewise in the +b direction for I P mmm . The anisotropic contribution is also non-zero for both magnetic groups. The situation at the Sn 4h site ( figure 9 ) is, however, quite different. As noted above, the isotropic contribution cancels for both possible groups. In addition, the anisotropic contribution is zero for the I P mm m structure, with the result that only the I P mmm group yields a non-zero transferred hyperfine field at the Sn 4h site, and then only when the anisotropic contribution is taken into account. Rietveld refinement of the 3 K pattern, assuming that the I P mmm structure is correct, yields a samarium moment of 0.47 ± 0.10 μ B on the Sm 4e site 7 . Assuming that the magnetic order below 8 K in Sm 3 Ag 4 Sn 4 follows the I P mmm group, then we should observe a transferred hyperfine field at both Sn sites: 4f along b and 4h along a. If we further assume that our point-charge calculations are correct, then they place V zz along the b-axis for the Sn 4f site and along the c-axis for the 4h site. This analysis predicts that the angle between B hf and V zz should be ϑ = 90
• at both tin sites; however, this is not consistent with the results shown in the right panel of figure 4 . Force-fitting ϑ = 90
• at both sites yields extremely poor fits, and a grid search in both η and the polar angle φ did not lead to a better fit to the spectra than is shown in figure 4 . While one might appeal to the limited validity of pointcharge calculations, the point symmetry of both Sn sites alone leads to ϑ = 90
• or 0 • for both magnetic structures that are consistent with the neutron diffraction data. It is therefore likely that some subtlety of the transfer process is being missed. As neutron diffraction is unlikely to yield further information (samples prepared with a less absorbing Sm isotope would be smaller than the one employed here and so would not yield a better signal) the best way forward would appear to be to use single-crystal samples for 119 Sn Mössbauer spectroscopy where the actual moment directions could be established directly.
Conclusions
119 Sn Mössbauer spectroscopy reveals that the previously determined value for T N (∼9 K) in Sm 3 Ag 4 Sn 4 was greatly underestimated and that susceptibility provides only a weak signature of the actual bulk ordering at 26.0(5) K. Analysis of the Mössbauer data reveals that the event at 8.3(3) K is in fact a spin reorientation transition.
The neutron diffraction data indicate that the Sm moments, below 8.3 K, adopt a magnetic structure that requires a component in the bc-plane, and is most likely either I P mm m or I P mmm . Neither group allows order at the 2d site, in contrast to the vast majority of other compounds in the R 3 T 4 X 4 family. Transferred hyperfine field models suggest that the I P mmm is the only group that is consistent with the 119 Sn Mössbauer results. We derive a samarium moment of 0.47 ± 0.10 μ B on the Sm 4e site at 3 K.
